Recently, a number of workers have reported the isolation of mitochondria from various higher plant tissues, which show good respiratory and phosphorylative activities (2, 5, 6, 11-17, 21-36, 38-45). The method in general consists of tissue disruption and homogenization in an appropriate medium, isolation of the mitochondrial fraction from filtered tissue homogenate by means of differential centrifugation, and final washing of the resultant mitochondrial pellet. If the techniques of isolation are compared in detail, however, a wide variety of differences is seen in the method of tissue disruption, in the composition of isolation media, and in the patterns of differential centrifugation. In fact, the same group sometimes changes the procedure with little explanation for the modification. In addition, there are several reports indicating that the method successfully employed in one laboratory does not apply to another laboratory (cf. 34, 39, 40, 45) . These situations may reflect the fact that all the parameters which enter into the conditions of mitochondrial isolation have not been exhaustively studied.
Recently, a number of workers have reported the isolation of mitochondria from various higher plant tissues, which show good respiratory and phosphorylative activities (2, 5, 6, 11-17, 21-36, 38-45) . The method in general consists of tissue disruption and homogenization in an appropriate medium, isolation of the mitochondrial fraction from filtered tissue homogenate by means of differential centrifugation, and final washing of the resultant mitochondrial pellet. If the techniques of isolation are compared in detail, however, a wide variety of differences is seen in the method of tissue disruption, in the composition of isolation media, and in the patterns of differential centrifugation. In fact, the same group sometimes changes the procedure with little explanation for the modification. In addition, there are several reports indicating that the method successfully employed in one laboratory does not apply to another laboratory (cf. 34, 39, 40, 45) . These situations may reflect the fact that all the parameters which enter into the conditions of mitochondrial isolation have not been exhaustively studied.
Another point which does not appear in the literature frequently is the fact that plant mitochondria age faster than animal mitochondria (cf. 16, 28, 34) . In addition, the yield of mitochondria, calculated on the basis of initial fresh weight, is usually much less from higher plant tissues than that from animal tissues. This necessitates the use of a large quantity of tissue and media, thus lengthening the time involved in isolation. These facts raise practical problems in experimentation (cf. 38).
Studies made with isolated mitochondria must always be interpreted with caution, because the mitochondria may have been changed or damaged during the isolation procedure, and the preparation may be contaminated with nonmitochondrial material (11, 34) . Furthermore, the mitochondria isolated with one method may not show the same respiratory activities as those with other methods.
In order to minimize the possible introduction of artifacts and to optimize the isolation technique, we have analyzed a number of parameters associated with the preparation of plant mitochondria. In these studies, time course changes of mitochondrial activities as affected by each condition have been followed over 24 hr after the completion of isolation. In this communication, therefore, the results of these studies will be presented and the optimal conditions for the preparation of plant mitochondria will be discussed.
MATERIALS AND GENERAL METHODS
The hypocotyls of dark-grown mung bean (Phaseolus aureus var. Jumbo) seedlings, 4 to 5 days old, were used as the main material for this study of parameters associated with the isolation of plant mitochondria. The hypocotyls were separated from roots and cotyledons + epicotyls by means of scissors, washed with distilled water at least twice to minimize any contamination, and then stored in the cold room (0-4 C) overnight in cold distilled water. This cold storage of the hypocotyls was introduced here for experimental convenience, since it was found in a number of trials not to affect the quality of mitochondria upon subsequent isolation. The procedure to follow was carried out in the cold room, in an ice bath, in a Sorvall RC-2 refrigerated centrifuge set at 1 C, or with an ice-cold medium. About 1.5 kg of hypocotyls were washed twice with distilled water, then cut into sections of about 2 cm, and placed in the grinding medium (0.3 M mannitol, 1 mm EDTA, 0.1%2 BSA,a and 0.5% cysteine, starting pH adjusted to about 8.0). The cut sections and medium (volume ratio of 1:1) were placed in a porcelain mortar (capacity 750 ml) and ground by hand with a pestle until about two-thirds of the sections appeared to have been crushed. This corresponded to about 15 gyrotary strokes. During these steps, the pH of the tissue-medium mixture was maintained at 7.2 to 7.4 by dropwise additions of 10 N KOH. The resultant brei was strained through at least eight layers of cheesecloth. The residue was re-extracted with about one-third volume of the grinding medium. The introduction of re-extraction increased the mitochondrial yield by about 50%. The combined filtrate was subjected to differential centrifugation. Plant Physiol. Vol. 45, 1970 A crude mitochondrial pellet was collected between 5OOg (10 min) and 12,000g (15 min Chance and Williams (8, 9) . Protein was determined by a biuret procedure (20) (23, 24) an aging period of 8 to 9 hr (Fig. 1B) , the respiratory control is preserved only in the mitochondria isolated at concentrations higher than 0.3 M mannitol; also, the higher the concentration of mannitol, the better the preservation of the respiratory control.
Although the results at 20 hr after isolation are not given, 0.6 M mannitol was found to be capable of maintaining 30% of original state 3 rate and 50% of original phosphorylative activity of succinate oxidation. The ability of higher concentrations of mannitol to maintain biochemical integrity of mitochondria is also shown with malate as substrate (Fig. 1, C and D) . Figure 2 shows that sucrose concentrations higher than 0. This suggests further that the mitochondria in high sucrose concentrations lose soluble components, thus resulting in decreased respiratory activity (cf. 1). These effects of sucrose on mung bean mitochondrial activity are similar to those on skeletal muscle mitochondria (10, 18) .
In an attempt to examine the combined effect of sucrose and mannitol on the respiratory properties of mung bean mitochondria, the sucrose concentration was kept constant at 0.25M, and mannitol concentration was varied at 0, 0.3, and 0.6 M.
A combination of 0.25 M sucrose and 0.3 M mannitol was found to be optimal for state 3 rate, but the state 4 rates were high, as in the case of sucrose alone. Similarly, the ADP:O ratios were essentially the same as those of sucrose alone.
These comparisons of the effects of two osmotica lead to a conclusion that preparations made in sucrose medium are of inferior quality and that mannitol at high concentrations is highly preferable for the isolation of mung bean mitochondria.
pH. Though the pH of isolation media is considered to be an extremely critical factor (6, 43) , few studies on this topic are reported in the literature. On the basis of respiratory control ratios, Verleur concluded that the pH of 6.5 was optimal for isolation of potato tuber mitochondria (40). In general, however, the pH range of 7.0 to 7.5 appears to be the preferred pH for the isolation of plant mitochondria. The following experiments were carried out to examine the pH effects both on respiratory activities and on aging. Figure 3 illustrates the effect of pH of the assay medium on the oxidation of both succinate and malate. Prior to the addition of mitochondria, the pH of the reaction medium was adjusted to a given value with 5 mm phosphate buffer, 30 mm tris-maleate buffer, and 10 mm succinate or 30 mm malate. The addition of mitochondria started the reaction from the first state 4, and 4 min later, 220 ,M ADP was added for the measurements of the first state 3 and second state 4 rates. Change of pH during the reaction was less than 0.15 pH unit. All the experiments were carried out within 4 hr after isolation to minimize the aging effect.
Succinate oxidation shows a broad pH optimum in the range of 7.0 to 7.6 (Fig. 3A) , while the optimum for malate oxidation is 6.8 to 7.2 (Fig. 3B) . In both succinate and malate oxidation, the ADP:O ratio remains high below pH of about 7.2, while at higher pH levels, the ratio decreases. In another series of experiments, where 10 mm phosphate buffer was used in the isola- Plant Physiol. Vol. 45, 1970 Mg2+, ATP, Phosphate, and Oxygen. The addition of ATP and magnesium to the suspending media has been used successfully for the preparation of mitochondria from skeletal muscles (10, 18) and for the preparation of phosphorylating electron transport particles from beef heart mitochondria (4). Avocado fruit mitochondria are isolated with a medium containing MgCl2 (25, 26, 36, 42, 44) . The following experiments were, therefore, carried out to examine the effects of magnesium, ATP, and phosphate, applied singly or in combination, on the biochemical integrity and aging of mung bean mitochondria.
The results ( Table II Plant Physiol. Vol. 45, 1970 (Fig. 6) . With the range of concentrations tested, the highest concentration, 0.65%, was found to be most beneficial in the preservation of mitochondrial quality. This effect is only seen in state 3 respiration; both state 4 rates and ADP:O ratios are not affected by the BSA concentrations employed.
Effect of Contaminating Fractions on Mitochondrial Activity. Contaminating fractions in mitochondrial preparations tend to have an injurious effect on biochemical integrity of mitochondria (cf. 6, 28). Furthermore, quick aging of plant mitochondria may be attributed to this effect of contaminating fractions. In the following experiments, therefore, three fractions were separated by means of differential centrifugation of a crude mitochondrial fraction, each containing a varying degree of heavier and lighter fractions, and tested for the maintenance of mitochondrial activities. For this purpose, improved isolation media (see Table III legend) were used and the three fractions were sedimented successively between Og and 5OOg (10 min), 500g and 6,000g (15 min), and 6,000g and 25,000g (20 min). The first fraction obviously consists mostly of the heavier particles with some mitochondria (mostly granular dark gray pellet), the second fraction mostly of mitochondrial pellet with a thin layer of light yellow material covering it, and the last fraction of both tan-colored mitochondria and covering yellow material. exclusion of both heavier and lighter fractions from the mitochondria is highly important
The heavier fraction can be removed by a 5OOg spin for 5 min, and the lighter fraction by rinsing the first 6,000g pellet a few times with the wash medium and by lowering the final spin to 5500g for 15 min. Further washings of this pellet by suspending in the wash medium followed by centrifugation tend to lower the mitochondrial activity. By using this centrifugation pattern and the improved isolation media of the above experiment, the mitochondrial preparation is found to be far more stable than before (Fig. 7) . Results similar to Figure 7 were obtained with tomato fruits and white potato tubers as starting materials.
During the course of the present study, possible introduction of artifact was examined on both the ADP:O ratio and the nature of the ADP titration curve. In all conditions studied above, the ADP :0 ratios for both succinate and malate oxidation were about 75% of the expected values, as reported earlier (28) . The nature of the ADP titration curve, on the other hand, changed from the previous pattern (Fig. 6 in Ref. 28 ) to the one shown in Figure 8 . The difference between this and the previous results is now interpreted as being due to the presence of contaminating particles in mitochondrial preparations used previously.
DISCUSSION
Grating (14-16, 24-26, 33, 34, 36, 43) , hand grinding (5, 6, 13, 17, 22, 28-30, 31, 32, 35, 39) , and blending (24, 40, 41, 43, 45) 2, 11, 34) . Thus, it is highly important to minimize the contamination of these particles. For this purpose, inclusion of both low and high speed centrifugation is necessary in the wash procedure (28) . Recently Palmer (38) successfully introduced the use of a nylon fabric (mesh 50 strands/cm) to shorten the time of centrifugation (39) . This fabric apparently removes heavier particles, thus rendering the first and the second low speed spins unnecessary.
Most commonly used osmotica in isolation media are sucrose at 0.4 or 0.5 M (17, 22, 25, 26, 31-34, 36, 39, 45) and mannitol at 0.3 to 0.7 M concentrations (5, 6, 13-16, 28-30, 35, 40, 41) .
Wiskich and Bonner (43) , however, successfully employed a combination of sucrose and mannitol, and Sarkissian and Srivastava (39) found that sucrose in the grinding medium and mannitol in the wash and suspending media were most favorable. With animal mitochondria, Hagihara (7) introduced a combination of 0.21 M mannitol and 0.07 M sucrose in the isolation medium for maintaining mitochondrial integrity for a long time. Our own results, however, indicated that sucrose preparations were of inferior quality, giving high ATPase activity and poor respiratory control; and the combination of sucrose and mannitol gave rise to a preparation showing essentially the same quality as that with sucrose alone. Mannitol at a high concentration consistently yielded mitochondria of high quality from mung bean hypocotyls. Similarly, Verleur concluded that the use of 0.7 M mannitol was the best for the preparation of white potato mitochondria (40, 41). Both Verleur's and our isolation media contain a low concentration (10 mM) of buffer, whereas sucrose preparations are made with media containing 50 to 100 mm buffer, and in some cases, MgCl2 and KC1 in addition. The difference in observations on sucrose and mannitol may in part be due to the difference in the tissues used and also in the composition of isolation media, or else to the degree of contamination in the mitochondrial suspension with foreign particles. It is noteworthy that sucrose preparations are often assayed in media containing BSA (25, 26, 34, 36) , whereas it is not necessary for mannitol preparation. It should be added that mannitol was found to interfere with chemical analysis of phosphate by a conventional method, and it causes aggregation of mitochondria upon freeze-thawing. These phenomena do not take place with a sucrose medium. Though some limitations exist in the use of mannitol as the major osmoticum of the isolation medium, mannitol media are preferred in our laboratory, especially in light of the results presented in this communication.
The presence of magnesium in the incubation medium was found to be detrimental to mung bean mitochondria (Table   II) , whereas fruit mitochondria apparently require the presence of magnesium in the isolation media in order to reduce aggregation (25, 26, 34, 36) . It is of interest to note that where magnesium is included, the EDTA concentration is also high. Since EDTA lowers both state 3 respiration and ADP:0 ratios (Fig.   5 ), it should be omitted from the wash and suspending media. On the other hand, probable action of detrimental cations, such as Mg2+, Ca2+, etc., can be prevented if EDTA is included in the grinding medium.
The buffer employed in the isolation of plant mitochondria is either phosphate (39) (40) (41) 45) , or tris-HCl (25, 26, 33, 34, 36) , or both (17, 22, 31, 32) . Recently, Drury et al. (14) (15) (16) Plant Physiol. Vol. 45, 1970 should be pointed out that BSA is not usually added to the assay systems of animal mitochondria (cf. 7-9, 37).
In order to prevent the harmful effect on isolated mitochondria of polyphenoloxidase and phenolic compounds released upon tissue disruption (cf. 27, 40) , cysteine is often added to the grinding medium (5, 6, 13-16, 24-26, 28-30, 33-36, 40, 41) . Several workers, on the other hand, do not employ cysteine in their isolation media atall (17, 22, 31, 32, 39, 45) . In our experiments with mung bean mitochondria to clarify this discrepancy in theliterature, we found that the deletion of cysteine from the grinding medium altogether did not damage the mitochondrial activity (unpublished results). Since cysteine itself is autooxidizable and the oxidized product harmful(cf. 27, 40), its concentration should be kept minimal (0-5 mM), and the chemical should be deleted in the wash and suspending media.
With the exception of Verleur (40,  41 ) the preferred isolation pH in the literature is in the range of 7.0 to 7.5. From our data, the optimal pH to prevent aging is above 7.2. A pH higher than 8.0 apparently shows a detrimental effect (43) . The optimal pH for assaying mitochondrial activity was found to be 7.2.
The wash and suspending media usually contain fewer chemicals than grinding media. Important ingredients are major osmoticum, buffer to keep the pH above 7.2, and a stabilizing agent such as BSA. The osmoticum and BSA concentrations are usually the same as those in the grinding medium, whereas the buffer concentration, if added, is 10 mm. Some workers include in the suspending medium other components (25, 26, 33, 34, 36) ; others delete both buffer and BSA (17, 22, 24, 31, 32, 39, 43, 45) .
The major constituents in the assay media are an osmoticum, phosphate, and magnesium. The osmoticum concentration in the assay medium is often lowered to an isosmolar level from the hyperosmotic level in isolation media. Only Verleur (40) used the same osmoticum concentration (0.7 M mannitol) throughout isolation and assay. The concentration of phosphate is in general 10 mm. The requirement for magnesium has not been studied critically, but a generally used concentration is 5 mm. Verleur (40) reported that magnesium could be omitted from the assay medium.
Comparison of necessary conditions between those reported in the literature and those obtained in the present study lead to the following conclusions: (a) tissue disruption should be carried out gently; (b) differential centrifugation should aim at minimizing the contamination of nonmitochondrial particles; (c) a high concentration of mannitol is a preferred osmoticum in the isolation media; (d) the pH during the isolation procedure should be maintained above 7.2 but below 8.0; (e) in order to maintain the pH, phosphate and triethanolamine buffers are more satisfactory than no buffer or tris buffers; (f) EDTA at a low concentration is needed in the grinding medium but not in the wash and suspending media; (g) BSA is beneficial in the isolation medium to protect the mitochondria during isolation; and (h) the important ingredients in the wash and suspending media consist of osmoticum, buffer, and BSA. In addition, the necessary components in the assay medium are osmoticum, phosphate buffer (pH 7.2), and probably magnesium. If some of these points are lightly treated during isolation procedure, the resultant mitochondria tend to age quickly and may show anomalous characteristics.
